factors affect the ability of different bacteria to colonize the gut, leading to regional variations in the microbiota composition [6] . For example, due to the higher oxygen concentration in the small intestine than in the colon, the upper small intestine is dominated by facultative anaerobic and aerotolerant microbes, while the colon is dominated by strictly anaerobic microbes [6] .
Due to the close interaction between the host and the gut microbiota, the microbiota can influence the host's physiology and metabolism. The combined genome of the colonizing microbes has been estimated to contain at least 100 times as many genes as the human genome, and microbial products and metabolites can directly affect the host's physiology [2, 7] . The microbiota has many important roles including maturation of the host's immune system, improvement of intestinal barrier function, and preventing colonization of pathogenic microbes. Thus, the commensal microbes live in symbiosis with their host. In addition to protecting the host against pathogens, the commensal microbes can also affect the host's energy homeostasis and play a role in obesity.
Changes in Microbiota Composition in Obesity
Metabolic diseases such as obesity are associated with alterations in the gut microbiota composition in both humans and rodents. Some studies have found an increased Firmicutes-to-Bacteroides ratio in obese humans and rodents compared to lean controls [8] [9] [10] , but other studies have failed to observe such a difference [11] . However, more consistently, most studies report a decreased phylogeneic diversity and a reduced number of bacterial genes present in obese versus lean subjects [10, 12] . Furthermore, low microbial richness also correlates with other metabolic parameters such as serum insulin, HOMA insulin resistance, and free fatty acid and triglyceride levels in the plasma [12] .
The potential causative role of the gut microbiota in obesity is supported by studies showing that the obese phenotype can be transferred by gut microbiota transplantation [9, 13] . Turnbaugh et al. [9] showed that the colonization of germ-free (GF) mice with cecal content from an obese donor mouse led to an increased weight gain in the recipient mice compared to colonization with cecal content from a lean donor mouse. Furthermore, they showed that colonization with a microbiota from an obese donor mouse resulted in decreased fecal energy excretion, indicating that the gut microbiota from obese donors has an increased capacity to harvest energy from the diet. The transplantation of human fecal microbiota from lean and obese donors to recipient mice also transferred the obese phenotype [13] . While the fat mass of mice transplanted with gut microbiota from obese donors had increased 2 weeks after colonization, that of mice transplanted with gut microbiota from lean donors did not increase. Furthermore, cohousing mice that received a gut microbiota from obese donors with mice that received a gut microbiota from lean donors led to a reduced increase in adiposity in the mice colonized with the gut microbiota from the obese donors [13] . The cecal microbiota in the mice colonized with gut microbiota from obese donors changed after cohousing, becoming more similar to that in mice colonized with gut microbiota from lean donors. In particular, the invasion by specific members of Bacteroidetes from the "lean microbiota" to the mice colonized with the "obese microbiota" was associated with the rescue of the obese phenotype. In contrast, the cecal microbiota in mice colonized with a gut microbiota from lean donors remained stable after cohousing. Collectively, these findings suggest that the gut microbiota plays a role in the regulation of energy balance and the development of obesity.
The Gut Microbiota and the Host's Energy Balance GF mice are lean compared to conventionally raised (CONV-R) mice, and colonization of GF mice leads to rapid weight gain and an increase in adiposity [14] . Part of this increase in body weight and adiposity can be explained by a microbe-mediated increase in energy uptake. Microbes residing in the gut metabolize otherwise-indigestible complex carbohydrates by fermentation, leading to the production of short-chain fatty acids (SCFAs). SCFAs can be taken up in the gut, and thereby act as an energy source, causing an increased energy harvest from the ingested food. This increased energy harvest has been estimated to account for 10% of the energy intake in people living in the Western world [15] . Colonization experiments further highlight the importance of the increased energy harvest; it has been shown that colonization of GF mice leads to increased body weight and adiposity, even though the colonized mice have a decreased food intake and an increased energy expenditure compared to GF mice [14] . Taken together, these results suggest that the SCFAs produced by fermentation in humans and mice account for a substantial part of the energy uptake. Nevertheless, in addition to the role of the gut microbiota in energy uptake, there is evidence that the gut microbiota directly modulates the host's regulation of the energy balance. GF mice are protected against diet-induced obesity (DIO) when given a Western diet containing a low amount of complex carbohydrates [16] . Thus, even when the fermentation rate is low, the presence of a gut microbiota leads to a positive energy balance. However, the microbiota-diet interaction is complex, and the resistance to DIO in mice lacking a microbiota depends on the composition and fat source of the high-fat diet (HFD) [17] . Increased energy expenditure, as well as increased fecal fat content and energy excretion, contribute to the DIO resistance in GF mice when fed a lard-based HFD. In line with these results showing an increased energy expenditure in GF mice, it was recently shown that mice lacking a microbiota i.e., GF or antibiotic-treated mice, have increased browning in both the inguinal subcutaneous and the perigonadal visceral adipose tissue [18] . Both GF and antibiotic-treated mice had increased expression of browning markers including uncoupled protein 1 (UCP-1) as well as increased oxygen consumption in isolated adipocytes [18] . Collectively, these results suggest that increased energy expenditure explains at least parts of the resistance to DIO in GF mice.
The Gut-Brain Axis
The brain receives information from peripheral organs such as the intestine and uses this information to regulate the energy balance. There is a bidirectional communication between the gut and the brain, known as the gut-brain axis. The brain can signal to the gut via efferent vagal signaling as well as via neuroendocrine pathways. The brain's communication with the gut microbes can be direct, i.e., when neurotransmitters, including catecholamines, 5-hydroxytryptamine (5-HT), and γ-aminobutyric acid (GABA), are sensed by the microbes, or indirect, through the influence on the intestinal milieu. The intestinal milieu can be affected by vagal efferent nerves that regulate intestinal functions such as gut motility, acid and mucus secretion, intestinal barrier function as well as mucosa immune response, which thereby influence the gut microbiota composition and function [19] .
The gut communicates with the brain via blood-borne substances or afferent spinal and vagal nerves, allowing the gut and the gut microbiota to signal directly to the brain. Microbial products and microbially produced metabolites can act as signaling molecules and regulate the secretion of hormones from intestinal enteroendocrine cells. These hormones include peptide YY (PYY) [20] and glucagon-like peptide-1 (GLP-1) [21, 22] , both of which receptors are expressed in regions of the brains which regulate energy balance, including the hypothalamus [20, 23] .
Leptin, Microbiota, and Hypothalamic Energy Balance Regulation
As mentioned above, the hypothalamus is a part of the brain that is important in the regulation of energy balance. Leptin, a hormone produced in the adipose tissue, acts on the long form of the leptin receptor which is highly expressed in hypothalamic neurons. Leptin is secreted from the adipose tissue in proportion to the amount of fat in the body, and can thus communicate the energy stores to the brain [24] . The neurons expressing proopiomelanocortin (POMC) and the neurons coexpressing agoutirelated protein (AgRP) and neuropeptide Y (NPY) are among the most studied leptin-targeted neurons. Both of these types of neurons are located in the hypothalamic arcuate nucleus (ARC). Leptin inhibits the orexigenic AgRP neurons and activates the anorexigenic POMC neurons resulting in decreased food intake and increased energy expenditure. Both AgRP and POMC neurons act on melanocortin 4 receptor (MC4R)-expressing neurons in the paraventricular nucleus [24] .
Most obese subjects and DIO mice have high levels of circulating leptin, but are leptin-resistant and have an impaired response to leptin. Thus, the leptin-mediated decrease in food intake and increase in energy expenditure is diminished. Hypothalamic leptin resistance is observed within a few days after switching to an HFD in rodents, before any significant weight difference is observed. Therefore, leptin resistance is believed to play a central role in the pathogenesis of obesity. Interestingly, GF mice have been shown to have improved leptin sensitivity when compared to CONV-R mice [21] . Intraperitoneal injection of leptin results in a greater weight loss in chowfed GF mice when compared to CONV-R mice. Furthermore, suppressor of cytokine signaling 3 (SOCS3), an inhibitor of intracellular leptin signaling, is increased in CONV-R mice compared to in GF mice, potentially contributing to the difference in leptin sensitivity [21] .
Leptin resistance can be caused by different mechanisms including diminished intracellular signaling, impaired transport over the blood-brain barrier (BBB) as well as hypothalamic inflammation and neuronal injury. Switching to an HFD leads to hypothalamic inflammation before any weight gain is observed and results sug- 166 gest that such inflammation can cause leptin resistance [25, 26] . Hypothalamic inflammation is characterized by increased number and reactivity of microglia and astrocytes in the mediobasal hypothalamus, increased expression of inflammatory mediators, and neuronal injury. The role of the gut microbiota in diet-induced hypothalamic inflammation is not known. However, findings suggest that the properties of the microglia differ in GF and CONV-R mice. Erny et al. [27] showed that GF mice have immature microglia cells which are unable to respond normally to lipopolysaccharide (LPS) stimuli. Furthermore, they showed that microglia need constant stimulation from the gut microbiota to remain mature; a 4-week antibiotic treatment led to immature microglia cells with an impaired response to LPS. Administration of SCFAs to the GF mice restored the immature microglia phenotype, and mice lacking the SCFA receptor GPR43 had severely malformed microglia which mimicked the microglia in GF mice.
The mediobasal hypothalamus, including the ARC, is uniquely located close to the median eminence, in a region with an incomplete BBB. Due to this location, neurons in the mediobasal hypothalamus can more readily sense substances in the blood such as microbial products and metabolites as well as microbially induced hormonal signals. The gut microbiota may also regulate the brain's access to circulating factors by affecting the BBB permeability. Braniste et al. [28] showed that GF mice had increased BBB permeability when compared to CONV-R mice. This difference was already observed in the embryonic state, suggesting that the maternal gut microbiota can influence the development of the BBB in the embryo. GF mice had disorganized tight junctions and reduced expression of the tight-junction proteins occludin and claudin-5. Furthermore, colonization of GF mice led to decreased BBB permeability, which was associated with an increased expression of occludin [28] . Taken together, the microbiota may modulate the hypothalamic regulation of energy balance for example by affecting leptin sensitivity, microglia function, and BBB permeability.
Signaling via Microbial Metabolites
The gut microbiota affects the host's energy metabolism via its microbial products and metabolites (Fig. 1 ). There is a strong link between the diet, the gut microbiota, and the effects on the host's metabolism [29, 30] . As mentioned above, certain dietary components will favor some microbes but not others, and the diet will therefore strongly influence the gut microbiota composition. Additionally, the diet composition will also determine which metabolites are produced by the gut microbiota.
SCFA Signaling
The SCFAs, butyrate, propionate, and acetate, produced by fermentation, are among the most studied bacterial metabolites. Besides being an energy source, these SCFAs can also act as signaling molecules, binding to their G protein-coupled receptors GPR43 and GPR41 [31] . GPR43 is mainly expressed in immune cells and adipocytes, and has been suggested to play a major role in energy homeostasis. GPR43-deficient mice are obese when fed a chow diet, and mice overexpressing GPR43 specifically in the adipose tissue are resistant to DIO when fed an HFD [32] . SCFA-mediated activation of GPR43 in the adipose tissue suppresses insulin signaling and decreases lipid storage in the adipocytes, as well as increases the oxidation of lipids in other tissues, resulting in increased energy expenditure [32] . The body weight phenotypes in mice overexpressing GPR43 in adipose tissue and mice lacking GPR43 require the presence of microbes [32] .
In addition to GPR43, SCFAs also act on GPR41, which is highly expressed in the adipose tissue as well as in a subset of enteroendocrine cells in the gut epithelium [31, 33] . While CONV-R mice lacking GPR41 are leaner than wild-type mice, such a weight difference is not observed when the mice are kept under GF conditions [33] . Activation of GPR41 in adipose tissue by SCFAs has been shown to stimulate leptin expression in vitro, and oral administration of propionate increases the circulating levels of leptin [34] . In line with these results, GPR41-deficient mice had diminished circulating leptin levels in proportion to their fat mass, an effect that is abolished when the mice lack a microbiota [33] . In addition to these effects on leptin levels, the CONV-R GPR41-deficient mice had reduced expression of the Pyy gene, encoding for the enteroendocrine hormone PYY. PYY inhibits gut motility, and GPR41-deficient mice had a faster gut transit time, extracted fewer calories from a polysacchariderich chow diet, and excreted more SCFAs, resulting in the lean phenotype. Taken together, these findings suggest that microbially produced SCFAs act on both GPR43 and GPR41, and thereby play major roles in the regulation of energy homeostasis.
The incretin hormone GLP-1 is encoded by the Gcg gene, and is mainly produced in the brainstem and in the L-cells in the intestine [21, 22] . SCFAs, including propionate, have been shown to stimulate GLP-1 secretion in Fig. 1 . Gut microbiota-dependent modulation of energy metabolism. Obese humans as well as obese mice have an altered gut microbiota when compared to lean controls, and this gut microbiota composition can transfer the obese phenotype when transplanted into a recipient mouse. Studies using GF, antibiotic-treated, and CONV-R wild-type and mutant mice have shown that the gut microbiota can modulate important processes in the regulation of energy balance. The diet strongly affects the gut microbiota composition and determines which metabolites are produced by the gut microbiota. These metabolites include SCFA and secondary bile acids, which, in turn, can bind to their receptors and thereby activate specific signaling pathways in the host. They can also regulate the secretion of hormones such as GLP-1, PYY, and leptin, which exert their effects in the brain via the circulation or by binding to the vagal afferent nerves. The gut microbiota can also modulate the host's metabolism by microbial products including LPS, which causes low-grade inflammation, and ClpB, which can directly affect the POMC neuronal activity in the hypothalamus. The gut microbiota also has profound effects on intestinal barrier function, the immune system, and the immune response. Together, these signals affect food intake, gut motility, nutrient absorption, and energy utilization and expenditure. SCFAs 168 colonic crypt cultures (murine L-cells), as well as to increase GLP-1 plasma levels in rodents via a GPR43-dependent mechanism [35] . However, the effects of SCFAs on GLP-1 secretion are complex and dependent on energy availability. Recent findings suggest that Gcg expression in colonic L-cells is upregulated when the colonocytes are energy-deprived. Since colonocytes use SCFAs as their primary energy source, a decrease in SCFAs leads to energy-deprived colonocytes [36] and higher Gcg expression. Thus, even though GF and antibiotic-treated mice have a low concentration of SCFAs in the cecal content due to reduced or absent fermentation, these mice have a high colonic Gcg expression and high plasma levels of GLP-1 [22] . Furthermore, administration of SCFAs decreases colonic Gcg expression in GF mice ex vivo, and feeding an HFD normalizes this expression in vivo [22] , supporting the idea that the energy availability regulates the Gcg expression. While the increased GLP-1 in GF mice does not improve the incretin response, it leads to a slower gut transit time which allows a more efficient uptake of nutrients.
In addition to the effects of GLP-1 on gut transit, it also has anorexic effects [37] . Furthermore, studies in rodents have shown that intravenous administration of GLP-1 leads to increased whole-body oxygen consumption as well as increased body temperature [37] . GLP-1 has a half-life of approximately 1-2 min in the circulation due to rapid degradation by the enzyme dipeptidyl peptidase IV [22] . It is therefore believed that GLP-1 exerts much of its effects by binding receptors on vagal afferent nerves. Gastric vagal afferents nerves respond rapidly to intravenous GLP-1 administration, and this response is diminished by pretreatment with the GLP-1 receptor antagonist Exendin 9-39, indicating that the effect of GLP-1 is mediated by the GLP-1 receptor located on the vagal afferent nerves [23] . However, the GLP-1 receptor is also expressed in the hypothalamus and the brainstem, regions of the brain involved in the regulation of energy homeostasis, and GLP-1 could thus also directly target the GLP-1 receptor-expressing neurons [21, 38] . Taken together, the gut microbiota produces SCFAs that act as signaling molecules, and thereby modulate the secretion of GLP-1, PYY, and leptin, and affect the gut motility and the gut transit time, as well as the fat storage in the adipose tissue.
Bile Acid Signaling
In addition to producing SCFAs, the gut microbiota metabolizes primary bile acids to secondary bile acids. Primary bile acids are produced from cholesterol in the liver, and are secreted into the duodenum after a meal. The primary bile acids produced in humans and rodents differ; while chenodeoxycholic acid and cholic acid are produced in humans, cholic acid and muricholic acids are produced in rodents [39] . In the intestine, bile acids act as surfactants, facilitating the action of lipases on digested fat and enhancing fat absorption. However, in addition to these effects, bile acids can also act as signaling molecules by binding to their receptors farnesoid X receptor (FXR) and G-protein-coupled membrane receptor 5 (TGR5) [39] . When the primary bile acids are secreted into the intestinal lumen, the gut microbes get access to them and can metabolize them through deconjugation, dehydrogenation, dihydroxylation, and epimerization. Depending on the modification, the properties of bile acids change, which, in turn, modulates their signaling capacity. For example, while FXR's main ligands are the primary bile acids, chenodeoxycholic acid and cholic acid, TGR5 primarily binds to the secondary bile acids, lithocholic acid and deoxycholic acid [39] . Bile acids can signal via these receptors to regulate, for example, the synthesis of the bile acids themselves and the secretion of enteroendocrine hormones. As an example, activation of TGR5 in the entero endocrine L-cells has been shown to induce GLP-1 release [40] .
Bile acid synthesis is regulated by negative feedback through FXR activation. In rodents, cholic acid activates FXR signaling in the intestine and exerts a negative feedback on the bile acids synthesis. In contrast, tauro-conjugated beta-and alpha-muricholic acids act as an FXR antagonist and thereby diminish this negative feedback. Thus, CONV-R mice, which have reduced levels of tauroconjugated beta-and alpha-muricholic acids, have increased fibroblast growth factor 15 (Fgf15) expression in the intestine, reduced expression of cholesterol 7a-hydroxylase (Cyp7a1) in the liver, and a reduced enterohepatic bile acid pool compared to GF mice [41] . Furthermore, the microbiota affects the whole body metabolism via FXR signaling; while CONV-R wild-type mice develop DIO when fed an HFD, CONV-R Fxr -/-mice and GF mice are resistant to DIO [42] . CONV-R wild-type mice fed an HFD also develop adipose tissue inflammation and hepatic steatosis, but these phenotypes are not present in Fxr -/-mice or in GF mice fed an HFD. Moreover, FXR signaling changes the gut microbiota composition, and colonization of GF mice with cecal content from an HFDfed wild-type donor mouse leads to a greater weight gain than colonization of GF mice with cecal content from an HFD-fed Fxr -/-donor mouse. Taken together, the microbiota metabolizes primary bile acids to secondary bile ac- ids, and these can signal via FXR and TGR5 to regulate the host's metabolism including the bile acid synthesis and GLP-1 secretion.
5-Hydroxytryptamine Signaling
Another important signaling molecule is 5-HT (also known as serotonin), which is produced by microbes and enteroendocrine cells in the intestine. Approximately 90% of the body's 5-HT is present in the enterochromaffin cells in the intestine, where it regulates intestinal movement. 5-HT is released from the enterochromaffin cells upon intraluminal pressure, leading to activation of the receptors and peristaltic movement [43] . Gut-derived 5-HT has also been shown to be important for fastinginduced adaptation by promoting lipolysis in adipose tissue and gluconeogenesis in liver, thereby increasing the availability of energy for other organs in the body [44] . The gut microbiota is associated with a higher intestinal expression of tryptophan hydroxylase 1 (Tph1), the ratelimiting enzyme for the synthesis of 5-HT, and stimulation of BON cells (the human enterochromaffin cell model) with acetate and butyrate leads to increased expression of Tph1 in vitro [45] . Receptors for 5-HT are expressed in many types of cells in the intestine including the enterochromaffin cells, goblet cells, enterocytes, vagal and spinal afferent nerves, and enteric nerves [43] . Collectively, these results suggest that the gut microbiota affects 5-HT levels, which, in turn, regulate important functions such as gut motility and fasting-induced lipolysis and gluconeogenesis.
Signaling via Microbial Products
In addition to metabolites, the microbes can also affect the host by producing microbial products such as LPS and caseinolytic protease B (ClpB).
LPS Signaling
Metabolic diseases such as obesity and type 2 diabetes are characterized by a low-grade inflammation with increased circulating levels of LPS, i.e., endotoxemia [46] . Elevated LPS levels, similar to those observed after feeding an HFD for 4 weeks, could cause weight gain and insulin resistance by itself via a mechanism that is dependent on the LPS receptor, CD14 [46] . While both high-fat feeding and LPS administration caused increased expression of inflammatory mediators, macrophage infiltration in the white adipose tissue, and weight gain in wild-type mice, these effects were blunted in mice lacking CD14.
Antibiotic treatment abolished the HFD-induced endotoxemia, adipocyte hypertrophy, inflammation, and microphage infiltration in the white adipose tissue [47] .
The microbiota-induced white adipose tissue inflammation depends on the dietary composition of the HFD. Feeding a lard-based HFD leads to a change in the gut microbiota composition, which, in turn, causes increased LPS plasma levels and inflammation in the adipose tissue (via Toll-like receptor signaling) [48] . In contrast, feeding an HFD based on fish oils leads to a different gut microbiota composition and does not cause adipose tissue inflammation to the same extent as when the HFD is lardbased. Interestingly, when recipient mice were transplanted with gut microbiota from lard-fed or fish oil-fed mice and then subsequently fed a lard-based HFD, the mice receiving gut microbiota from fish oil-fed mice had reduced weight gain and diminished adipose tissue inflammation compared to those receiving gut microbiota from lard-fed mice.
Evidence suggests that the increased circulating LPS levels after high-fat feeding could be the result of a more permeable intestinal barrier. Feeding an HFD increased the gut permeability by decreasing the expression of tightjunction proteins including zonula occludens 1 and occludin [47] . However, antibiotic treatment restored the expression of these tight-junction proteins, and the gut permeability in antibiotic-treated mice fed an HFD remained similar to that in chow-fed mice. There is also evidence that chylomicrons, formed in the intestine, facilitate the absorption of LPS in the intestine [49] . Intestinal epithelial cells internalize LPS, and transport it to the Golgi apparatus where it associates with newly formed chylomicrons and is released into the lacteals. Feeding an HFD increases the chylomicron formation, which, in turn, could increase the LPS absorption.
Taken together, these results suggest that LPS from the gut microbes could contribute to the development of metabolic diseases. Feeding an HFD alters the gut microbiota composition and increases LPS absorption, leading to increased circulating LPS levels.
ClpB Signaling
The gut microbiota has also been implicated in the appetite control by modulating hypothalamic POMC neuronal function via the bacterial product ClpB [50] . Colonic infusion of nutrients induces an initial exponential bacterial growth, which shifts after around 20 min to a stationary growth phase. The abundance of different E. coli proteins varies in the different growth phases. For example, ClpB, a bacterial protein mimetic of α-melanocyte-stimulating hormone, increases in the stationary growth phase. Breton et al. [50] showed that ClpB can act directly on the hypothalamic POMC neurons and increase the firing of these neurons, and may thereby induce satiety. Thus, commensal microbes such as E. coli can regulate the host's satiety via its bacterial proteins, the abundance of which is associated with nutrient-induced bacterial growth.
Summary
In conclusion, the commensal gut microbes live in symbiosis with their host, affecting many important functions including the regulation of energy balance. The gut microbiota increases energy uptake and produces metabolites and bacterial products that act as signaling molecules, binding to receptors in the intestine and in other metabolically active organs. These signals lead to changes in appetite, gut motility, energy uptake and storage, and also energy expenditure which results in a net positive energy balance and weight gain. Obese humans and rodents have an altered gut microbiota composition with less diversity than in lean controls, and microbiota transplantation transfers this obese phenotype, suggesting that the gut microbiota plays a role in the development of obesity. Further studies are needed to determine how the function of the gut microbiota can be altered to obtain long-term beneficial metabolic effects.
